The 1+1 protection provides instantaneous receiverinitiated recovery from any single link failure by using at least double network resources. This letter presents an Integer Quadratic Programming (IQP) model to determine an optimum set of routes that minimizes the required network resources for 1+1 protection using the network coding (NC) technique while maintaining the capability of instantaneous recovery. The cost obtained from our developed IQP model is compared with that of the conventional minimal-cost routing policy, where both approaches include the NC effect. Numerical results show that the IQP model achieves almost double resource saving effect in our examined networks.
Introduction
Reliable communications employing protection techniques against network component failures have several service grades. The highest service grade is instantaneous recovery from failure, for which 1+1 protection is appropriate. 1+1 protection is a simple predesigned protection technique, where there are two disjoint paths between every source and destination pair [1] . Copies of the same data are sent through the two disjoint paths. If one path fails, the destination node quickly switches over to the other path for receiving the data.
The next service grade is to ensure protection against failure using fewer resources at the cost of increased recovery time. Shared backup path protection (SBPP) [2] and dynamic restoration [3] are resource efficient protection techniques to deal with single failure events. In these two techniques backup paths are shared to achieve resource efficiency. 1:1 protection does not allow backup sharing, but backup paths may be used to send low priority communications when active path is online.
In SBPP, and 1:1 protection, switching operations at least at both ends are required for the recovery operation, while in dynamic restoration switching operations are required at two nodes corresponding to the failed path or link after finding the recovered route. The necessity of switching at least at two nodes restricts instantaneous recovery of failed data. Thus these three techniques are not suitable to achieve our objective of instantaneous recovery.
1+1 protection provides receiver-initiated instantaneous recovery from any single link failure in the network, because only the destination node switching is required after a failure is detected. In order to achieve this, the resource requirements between every possible source and destination have to be doubled.
The ability of the intermediate nodes (along a connection) to process incoming data packets is called network coding (NC). In the NC technique, first proposed in [4] , the data stream on the output link from an intermediate node is the linear combination of the data streams on its input links.
Belzner et al. [5] successfully demonstrated that the NC technique is able to reduce the resource utilization in the resource hungry 1+1 protection with the help of a network model with two sources and a common destination node, as shown in Fig. 1 (b) . The NC based resource saving results for 1+1 protection presented in [5] , where routes are determined by the shortest-path and load-balanced routing policies, is not optimum.
Agostinho et al. presented an NC aware instantaneous recovery scheme with traffic splitting in [6] . However, this scheme demands large node degrees for both source and destination nodes. This restricts the applicability only to networks with large node degrees.
Fig. 1. Network model with two sources and a common destination node.
This letter for the first time presents a mathematical programming formulation, for any scenario with two sources and a common destination node, to achieve the maximum resource saving with the NC effect for the 1+1 protection routing decision. The scenario does not require any traffic splitting. The presented formulation determines the optimum set of routes that minimizes the required network resources. Our developed mathematical model is formulated as an Integer Quadratic Programming (IQP) problem. The cost obtained from our developed IQP model is compared with that of a conventional minimal-cost routing policy, where both approaches include the network coding effect. Numerical results show that the IQP model achieves almost double resource saving effect in our examined networks.
Mathematical Model

Terminologies
The network is represented as a directed graph G(V, E), where V is the set of vertices (nodes) and E is the set of links. There are N nodes in G(V, E).
is the binary routing variable. If any link (i, j) ∈ E belongs to the disjoint path number k between source node s and destination node d, then value of x sd,k ij is 1, otherwise 0, where k is either 1 or 2. c ij is the cost of (i, j) ∈ E. Minimizing network resource utilization means designing optimum set of routes for network coding based 1+1 protection that minimizes the total path cost. The link capacity constraint is not considered as we focus on the minimum resource uses. It is assumed that the traffic demands for all possible source destination pairs are equal. The network is bi-connected, i.e., it is ensured that in the network, for every possible source-destination pair, there exist two disjoint paths for applying 1+1 protection. Every node has the NC capability, but encoded data are only decoded at the common destination node. P sk indicates the kth path between source node s and common destination node d, where k is either 1 or 2. The two source nodes are represented as 1 and 2.
Integer quadratic programming (IQP) model formulation
The mathematical model for any scenario with two sources and a common destination node is formulated as follows:
Equation (1a) is the objective function which provides the optimum minimum cost of employing NC based 1+1 protection. The second term in Eq. (1a) is a quadratic term. It is responsible for providing the NC effect. Equations (1b)-(1f) specify the path disjoint constraints. Constraints (1b)-(1c) are the compulsory conditions that ensure 1+1 protection. Constraints (1d)-(1f) are set carefully to achieve proper network coding effect from the two paths indexed by P 12 and P 21 . The flow conservation constraints are specified by Eqs. (1g)-(1n) . The flow conservation constraints at the source nodes are expressed by Eqs. (1g)-(1j) , while Eqs. (1k)-(1n) are the flow conservation constraints at the intermediate nodes. The binary routing variable is described by Eq. (1o).
Results and Discussion
The performance measures are the cost of provisioning 1+1 protection with the NC technique and Network coding gain, denoted by G NC . Network coding gain implies that how much network resources can be saved in 1+1 protection by using the NC technique. Let us assume that ξ NC indicates the cost of employing 1+1 protection (among two or more source nodes and a common destination node) with network coding and ξ NO NC indicates the same cost without network coding effect. G NC is defined by,
where
The performance of our IQP model is evaluated and compared in the three network topologies of Fig. 2 . An IQP mathematical model can be solved by a mathematical programming solver that supports Barrier, Primal Simplex, or Dual Simplex solution methods. The commercial mathematical programming solver CPLEX [7] supports these methods, and is used to solve our IQP model.
Fig. 2. Examined network topologies.
G NC obtained from the IQP model is compared with that of the conventional minimal-cost routing policy. Figure 3 shows that our IQP model achieves double G NC as compared to the conventional routing policy in the examined networks.
The conventional routing policy is explained in the following. More than two disjoint paths between a source and destination pair may exist. Among those paths, the conventional minimal-cost routing policy selects only one path pair whose sum of costs is minimum, where the MIN-SUM disjoint route finding algorithm [8] is used. If two sources have a common destination node, and if any of the two paths (from either source) out of four among them overlap, an NC opportunity is created, and some amount of G NC may be realized. 
Conclusions
This letter has formulated the problem of finding optimum network coding aware set of routes as an IQP problem, where each possible set of routes is evaluated, to determine the optimum solution that minimizes the cost of provisioning 1+1 protection. G NC of the conventional minimal-cost routing policy is lower than that of our IQP model, because the conventional routing policy creates less frequent NC opportunities. The performance of our IQP model is thoroughly evaluated and analyzed in three different network topologies. Numerical results have observed that our IQP model achieves almost double resource saving effect than that of the conventional minimal-cost routing policy in the examined networks.
